We consider the X-ray luminosity di †erence between neutron star and black hole soft X-ray transients (NS and BH SXTs) in quiescence. The current observational data suggest that BH SXTs are signiÐcantly fainter than NS SXTs. The luminosities of quiescent BH SXTs are consistent with the predictions of binary-evolution models for the mass transfer rate if (1) accretion occurs via an advection-dominated accretion Ñow (ADAF) in these systems and (2) the accreting compact objects have event horizons. The luminosities of quiescent NS SXTs are not consistent with the predictions of ADAF models when combined with binary-evolution models, unless most of the mass accreted in the ADAF is prevented from reaching the neutron star surface. We consider the possibility that mass accretion is reduced in quiescent NS SXTs because of an efficient propeller and develop a model of the propeller e †ect that accounts for the observed luminosities. We argue that modest winds from ADAFs are consistent with the observations, while strong winds are probably not.
INTRODUCTION
Soft X-ray transients (SXTs) are compact binary systems in which a low-mass secondary (either a main-sequence star or a subgiant) transfers mass via Roche-lobe overÑow onto a black hole (BH) or neutron star (NS) primary (see reviews by Tanaka & Lewin 1995 ; van Paradijs & McClintock 1995 ; White, Nagase, & Parmar 1995) . SXTs have highly variable luminosities. They spend most of their lifetimes in a low-luminosity quiescent state, but occasionally undergo dramatic outbursts during which both the optical and X-ray emission increase by several orders of magnitude (see, e.g., Chen, Shrader, & Livio 1997a ; Kuulkers 1998) . NS SXT outbursts typically occur every 1È10 yr and last for several weeks, while BH SXT outbursts are typically separated by 10È50 yr (or perhaps longer) and last for several months (see Chen et al. 1997a) .
A variety of observations (see, e.g., Tanaka & Shibazaki 1996) indicate that, near the peak of an outburst, an SXT accretes matter via a standard thin disk (Shakura & Sunyaev 1973) , so that there is little doubt that the accretion is radiatively efficient during this phase. The situation is more complex in quiescence. The spectra of quiescent BH SXTs do not resemble that of a thin disk, and the accretion rates inferred from the observed X-ray luminosities disagree by orders of magnitude with the predictions of the standard disk-instability model for quiescent disks (see, e.g., Lasota 1996) . Narayan, McClintock, & Yi (1996) and Narayan, Barret, & McClintock (1997a) showed that the observations of quiescent BH SXTs can be explained by a two-component accretion Ñow model consisting of an inner hot advectiondominated accretion Ñow (ADAF ; Narayan & Yi 1994 , 1995a Abramowicz et al. 1995 ; Ichimaru 1977 ; see Kato, Fukue, & Mineshige 1998 for reviews of ADAFs) surrounded by an outer thin disk. In the recent version of this model described in Narayan et al. (1997a) , only the inner ADAF contributes to the observed optical, UV, and X-ray emission of the system. The outer thin disk acts mainly as a reservoir that accumulates mass until the next outburst is triggered. In quiescence, the emission of the disk is primarily in the infrared ; this radiation is hardly seen as it is swamped by the emission of the secondary (see Narayan et al. 1996 Narayan et al. , 1997a Lasota, Narayan, & Yi 1996 for details) .
A key feature of the Narayan et al. (1996 Narayan et al. ( , 1997a ) model of quiescent BH SXTs is the low radiative efficiency of the ADAF. In these Ñows, the bulk of the viscously dissipated energy is stored in the gas and advected with the Ñow into the black hole (Narayan & Yi 1995b ; Abramowicz et al. 1995 ; Narayan et al. 1996 Narayan et al. , 1997a . This explains the unusually low luminosities of BH SXTs. By contrast, in NS SXTs all the advected energy is expected to be radiated from the neutron star surface, resulting in a much higher radiative efficiency of the accretion Ñow even in the presence of an ADAF (Narayan & Yi 1995b) . Motivated by this fundamental distinction between black hole and neutron star systems, Narayan, Garcia, & McClintock (1997b) and Garcia et al. (1998) compared the outburst amplitudes of BH SXTs and NS SXTs as a function of their maximum luminosities and showed that the observations reveal systematically lower relative luminosities in BH SXTs. They argued that this constitutes a conÐrmation of the presence of an event horizon in BH SXTs. The argument was challenged by Chen et al. (1998) .
In this paper, we attempt to develop a physical understanding of the di †erence in quiescent luminosities between NS and BH SXTs. We Ðrst show, in°2, that there is indeed a signiÐcant di †erence in the observed quiescent luminosities of the two classes of objects, in contrast to the claim of Chen et al. (1998) . We then use binary-evolution models in°3 to estimate mass transfer rates in SXTs. We combine these estimates with the ADAF ] thin disk accretion scenario, taking into account the presence of an event horizon in BH systems and a reradiating surface in NS systems, to determine the expected X-ray luminosities in quiescence (°4). The model predictions agree well with the observations of quiescent BH SXTs. However, the model substantially overestimates the luminosities of quiescent NS SXTs. In°5 we show that the NS SXT data can be reconciled with the predictions of the model if we take into account the "" propeller e †ect ÏÏ (Illarionov & Sunyaev 1975) , whereby the magnetosphere of a rapidly rotating neutron star prevents much of the accreting material from reaching the surface of the neutron star. In°6 we show that an ADAF model with a moderate wind and a somewhat less efficient propeller (in NS SXTs) is also consistent with the observed quiescent luminosities of BH and NS SXTs. Finally, in°7 we discuss possible limitations and extensions of this work and in°8 we summarize the main results.
OBSERVATIONS
In Table 1 , we list key parameters of several NS and BH SXTs : the orbital period the distance D, the quiescent P orb , X-ray luminosity in the 0.5È10 keV X-ray band, and L min the mass (in solar units) of the compact primary. Since m 1 our main interest is in the quiescent emission, we list only systems for which there exist reliable measurements of L min . Finally, the ratio (which is independent of the L min /L max distance D) is used for comparison with previous investigations of the luminosity di †erence between BH and NS SXTs. The values of the outburst peak luminosity, are L max , taken from Garcia et al. (1998) . Here, we choose to ignore which depends mainly on the physics of the thin disk L max , in outburst, and concentrate just on which character-L min , izes the quiescent state of an SXT. The values of are L min taken from Narayan et al. (1997b) and Garcia et al. (1998) , except for the BH SXT H1705 [250 (see below) .
In selecting the systems listed in Table 1 , we were careful to avoid any possible confusion between BH and NS SXTs, since this would make a comparison between the two sets of objects less reliable. Thus, we limit our sample to the eight BH candidates that have Ðrm dynamical lower limits on the Narayan et al. 1997b and Garcia et al. 1998 , except where indicated. Quiescent luminosities for 4U 1543È47 and GRO J1655È 40 are based on 20.4 ks and 100 ks ASCA observations (respectively), and the quiescent luminosity for GRO J0422]32 is based on a 19 ks ROSAT observation. Col. (5) Chen et al. 1998 . g Esin et al. 1998 . h Beekman et al. 1997 . i Narayan et al. 1997b . j Chen et al. 1997a . k Esin et al. 1997 . l Orosz et al. 1998 . m This is an arbitrary choice in the range 2.9È7.5 given by Orosz et al. 1998 ; see also Bailyn et al. 1998 . Chen et al. 1998 , which seriously weakens their arguments.) Similarly, there is Ðrm evidence that the Ðve systems listed in Table 1 as NS SXTs contain NS primaries, based on the detection of type I X-ray bursts (see, e.g., Narayan et al. 1997b ; Chen et al. 1997a ).
Here we report a new and improved luminosity limit for H1705[250 (\Nova Oph 77) based on the ASCA observation of 1996 September 18, which we extracted from the HEASARC archive. The exposure time was 31 ks, but unfortunately the target was near the chip boundaries, which limits the e †ective area. The 4p upper limit is 0.9 ] 10~3 counts s~1, which corresponds to an X-ray Ñux (1È40 keV) \ 1 ] 10~13 ergs s~1 cm~2. Assuming a distance of 8.6 kpc, ergs s~1. L X \ 0.9 ] 1033 Luminosities can be expressed in units of the Eddington luminosity,
where the mass of the compact object in solar units, is m 1 , listed in Table 1 . For a standard radiative efficiency of 10%, the Eddington luminosity corresponds to a mass accretion rate of
In this section, we use both absolute luminosities and Eddington-scaled luminosities6 since it is not clear which is the more appropriate quantity for comparisons. Our calculations in°3 suggest that the mass transfer rates in NS and 6 Note that Eddington-scaled luminosities are somewhat uncertain if the primary mass in a system is not well known (eq.
[1]). This is, for m 1 instance, the case of the BH SXT J1655È40. Orosz & Bailyn (1997) BH SXTs are similar when expressed in units of espe-M 0 Edd , cially at short orbital periods. Thus, Eddington-scaled luminosities might be more appropriate to compare the two classes of objects at short periods (where most of the data lie). However, this argument is not very strong. Therefore, we also show absolute luminosities, expressed in units of 1038 ergs s~1 (which is roughly the luminosity expected from an object accreting at 1018 g s~1 with a radiative efficiency of 10%).
In Figure 1 , we show the quiescent luminosities of the BH and NS systems listed in Table 1 as a function of their  orbital periods The open circles correspond to NS P orb . SXTs and the Ðlled dots correspond to BH systems. Luminosity upper limits (indicated by downward arrows) are shown for Ðve SXTs, all of which are BH systems. The orbital period of the NS SXT H1608[52 is uncertain (see Table 1 ), and its location in Figure 1 is indicated by dashed circles. Among the undetected SXTs, we choose to include in our sample only those systems that have been observed for more than 10 ks (see Table 1 herein, and also Table 1 in Narayan et al. 1997b) , which therefore have Ñux limits [3 ergs s~1 with current X-ray satellites (0.5È10 keV ; ] 10~13 ROSAT /ASCA).
The argument for using along the horizontal axis of P orb Figure 1 is as follows. For any binary system with a lowmass secondary, and transferring mass via Roche-lobe overÑow, the density of the secondary essentially determines At a given a BH SXT and an NS SXT will have P orb . P orb , similar secondaries, so that the mass transfer characteristics are likely to be similar. Thus a reliable comparison of the radiative efficiencies of their accretion Ñows would be possible. In contrast, if we were to compare the quiescent luminosities of a BH SXT and an NS SXT with quite di †erent a di †erence in the mass transfer rates (see°3) could P orb , mask actual di †erences in the radiative efficiencies of the accretion Ñows. This point, which is the motivation for the calculations in°3, was Ðrst emphasized by Lasota & Hameury (1998) .
Figure 1 strongly suggests that BH SXTs are fainter than NS SXTs. This is especially true when the data are plotted in Eddington units (Fig. 1a) , but it is reasonably convincing even in absolute units (Fig. 1b) or in terms of the ratio (Fig. 1c) To make a clearer comparison between BH and NS SXTs with the existing data, we isolate in Figure 2 those systems for which and are well determined (see also the L min P orb very similar Fig. 3 of Lasota & Hameury 1998) . Although there are only a few systems in this Ðgure, we feel that we can conclude that (at least in this small sample) BH SXTs in quiescence are less luminous than NS SXTs. The di †erence is as much as 2 orders of magnitude (in Eddington units) for short-period systems.
It is important to stress here the excellent upper limit on the quiescent luminosity of the BH SXT J0422]32. This upper limit is nearly equal to the very low measured quiescent luminosity of A0620[00. Thus, there are now two BH SXTs that are 2 orders of magnitude less luminous, in Eddington units, than quiescent NS SXTs with comparable
It is important to carry out more sensitive obser-P orb . vations of those BH SXTs that have only upper limits currently. Narayan et al. (1997b) explained the di †erence in quiescent luminosities of NS SXTs and BH SXTs as due to the presence of a hard surface in NS SXTs versus an event horizon in BH SXTs. The presence of a surface causes the radiative efficiency in NS SXTs to be high, while in BH SXTs most of the dissipated energy is advected into the event horizon of the BH, without producing observable emission. Narayan et al. argued that this constitutes observational evidence for event horizons in black holes. In the remainder of the paper, we expand on this idea and construct a physical model of accretion in NS and BH systems to explain quantitatively the observations summarized in Figure 2 . In°3 we estimate the mass transfer rate in SXTs, and in°°4 and 5 we describe an accretion model that is able to reproduce the observed emission in the 0.5È10 keV band.
MASS TRANSFER RATES PREDICTED BY BINARY-EVOLUTION MODELS
The theory of binary evolution relies on the Roche-lobe model for the description of mass transfer (Frank, King, & Raine 1992) . Depending on which mechanism drives the mass transfer, whether it is loss of orbital angular momentum through gravitational radiation and magnetic braking, or expansion of the donor as it evolves away from the main sequence, the binaries are classiÐed as j-driven or n-driven systems. There is a "" bifurcation ÏÏ orbital period P bif separating the two classes such that for we Ðnd P orb [ P bif n-driven systems whose orbital periods increase with time, and for we Ðnd j-driven systems whose P orb \ P bif P orb decrease with time. Although there is no unique value of because it depends on the donor mass and the strength P bif , of angular momentum losses, estimates range from 0.5È2 days (see, e.g., Pylyser & Savonije 1988 ; King, Kolb, & Burderi 1996) .
The exact form of the magnetic braking law is not well established (see, e.g., Kalogera, Kolb, & King 1998) . Moreover, Menou, Narayan, & Lasota (1999) showed that there is strong circumstantial evidence that magnetic braking (MB) is weak in BH SXTs. In the following, for simplicity, we neglect the inÑuence of MB in BH and NS SXTs. We will see in°4.2 that any contribution to the mass transfer by MB would only strengthen the argument that NS SXTs shed mass rather than accrete it.
Following King et al. (1996) , the mass transfer rates in j-driven systems with gravitational radiation (GR) and ndriven system with secondary expansion (EXP) is given by
B2.54 ] 1016m 2 1.47(P orb /1 day)0.93 g s~1 ,
where is the mass of the secondary in solar units and m 2 is scaled in units of 1 day. P orb The secondary in j-driven binaries is usually a mainsequence star (see King et al. 1996 for possible complications) Ðlling its Roche lobe. These stars obey the simple relation hr) (see, e.g., Frank et al. m 2 \ 0.11(P orb /1 1992). The prediction for in case of GR-driven mass M 0 T transfer then becomes
which scales with the mass of the primary as for small m 1 2@3 Note this is not very di †erent from thus motim 2 . M 0 T P m 1 , vating the use of the Eddington scaling of luminosity in Figures 1 and 2 . Equation (4) for the case of secondary expansion is the linear limit of third-order polynomial Ðts (King 1988) to detailed evolutionary tracks of single stars computed by Webbink, Rappaport, & Savonije (1983) . Along an evolutionary track, the mass of the expanding secondary m 2 decreases as it transfers mass onto the primary. Since a variety of initial masses and orbital periods (at the onset of mass transfer) are possible, is essentially a free parameter m 2 in equation (4). However, a careful study of evolutionary tracks7 shows that the band of mass transfer rates predicted by equation (4) for values of in the range 0.5È1 reprom 2 duces the mass transfer rates in n-driven accreting binaries for the majority of their lifetime. This band therefore provides, in a "" population synthesis ÏÏ sense, the likely mass transfer rates one can expect in SXTs with orbital periods larger than the bifurcation period.
We estimate the mass transfer rate expected at a given orbital period by simply adding the contributions from GR (eq. "" GR ÏÏ refers to a phase of mass transfer driven by P orb . gravitational radiation and "" EXP ÏÏ to mass transfer driven by secondary expansion.
ity of SXTs are found. Although this result neglects any contribution from magnetic braking, we think that it is signiÐcant enough to motivate the use of Eddington-scaled luminosities in Figures 1 and 2 . Note that the comparable values of Eddington-scaled predicted for BH SXTs and m 5 T NS SXTs at short periods contrast with the large Eddington-scaled luminosity di †erence of the two classes of objects (Figs. 1 and 2). This in essence is the argument of Narayan et al. (1997b) and Garcia et al. (1998) , and we conÐrm their claim. The sample is, however, small.
Although the estimates shown in Figure 3 rely on simple considerations that do not take into account the full complexity of mass transfer (in particular, substantial Ñuctua-tions of the mass transfer rates around the secular values used here may occur ; see, e.g., Warner 1995), they probably provide better than an order-of-magnitude precision, which is sufficient for our discussion. Note, however, that this simple model is not likely to give an accurate value of M 0 T for the BH SXT J1655[40 since this system seems to be in a special evolutionary state (crossing the Hertzsprung gap ; see, e.g., Kolb 1998).
ACCRETION MODELS
Following Narayan et al. (1996 Narayan et al. ( , 1997a , we assume that the accretion Ñow is made of two components : an inner ADAF and an outer thin accretion disk. Since only the ADAF contributes to the emission of quiescent SXTs in the 0.5È10 keV band, we ignore the thin disk. Further, since the emission of the ADAF is primarily from regions close to the center, we do not concern ourselves with the precise value of the radius at which the transition between the ADAF R tr and the thin disk occurs.
Although the ADAF model was initially proposed for quiescent BH SXTs, there is no reason why it should not apply also to quiescent NS SXTs. In particular, if the transition of the accretion Ñow from a thin disk conÐguration to an ADAF conÐguration is triggered by the same local physics in the disk, e.g., a thermal instability in the upper layers of the disk (Shaviv & Wehrse 1986 ; Meyer & MeyerHofmeister 1994 ; Narayan & Yi 1995b) , the process should occur independently of the nature of the central object. We note, however, that the presence of a reradiating surface in the case of an NS primary at the center of the ADAF may have signiÐcant e †ects on the ADAF. For instance, Narayan & Yi (1995b) showed that the critical accretion rate in an ADAF is reduced in the case of an NS m 5 crit (compared to a BH) because the additional supply of soft photons (from the stellar surface) causes the ADAF to cool more efficiently. This is not an issue here since in all the m 5 quiescent systems we study is well below m 5 crit . We assume conservative mass transfer. Consequently, if is the rate at which mass is accreted during quiesc-M 0 ADAF ence via the ADAF and is the rate at which mass is M 0 accum accumulated in the outer thin disk, the mass transfer rate satisÐes
The proportion of mass
. accreted versus mass accumulated in quiescence is, however, uncertain. Menou et al. (1999) estimated the relative importance of and for most of the BH M 0 ADAF M 0 accum SXTs listed in Table 1 . They estimated by taking the M 0 accum integrated Ñuences of the outbursts of each source and assuming a radiative efficiency of g \ 0.1 (which provides the total mass accreted in the outburst) and estimated by Ðtting the quiescent emission with an ADAF M 0 ADAF model. Menou et al.Ïs work indicates that, in quiescent BH SXTs, roughly one-half the matter that is transferred from the secondary is accreted via the ADAF and the rest is accumulated in the thin disk, i.e.,
In the following models, we treat g as a free parameter, but we expect g to be of order unity both in BH SXTs and in NS SXTs.
The version of the ADAF model used here is described in detail by Narayan et al. (1998) . It consistently includes adiabatic compressive heating of electrons in the energy equation (Nakamura et al. 1997) , and it uses for the Ñow dynamics the general relativistic global solutions calculated by .
In previous studies involving ADAFs, most of the model parameters were kept Ðxed at the following values (see Narayan et al. 1999 for a discussion) :
(the visa ADAF \ 0.3 cosity parameter in the ADAF), (i.e., b 4 P gas /P total \ 0.5 equipartition between the gas and the magnetic Ðeld), c \ 13/9 \ 1.44 (the adiabatic index of the gas), and d \ 10~3 (the fraction of the viscous dissipation that goes directly into heating the electrons). We adopt these standard values of b, and c in the present models (see°6 a ADAF , for the e †ect of varying d). We take to be given by the M 0 T predictions of binary-evolution models ( Fig. 3 ) and obtain via equation (6) for a given assumed value of g. We M 0 ADAF calculate the spectral energy distributions of the models and numerically integrate the spectra to obtain the luminosities in the 0.5È10 keV band. The results are discussed in the following sections. Figure 4a shows two bands of luminosities corresponding to ADAF models of BH SXTs. In the upper band M 0 ADAF \ i.e., the entire is accreted by the black hole via the g \ 1/2). The lower band is in satisfying agreement with the observed luminosities. The fact that we obtain agreement with a reasonable value of g means that the modeling of the quiescent X-ray emission of BH SXTs with the ADAF model is consistent with the predictions of binary-evolution models. The increase in the luminosity with increasing P orb is also in good agreement. One should stress again, however, that the agreement for the BH SXT J1655[40 is unexpected if the system is crossing the Hertzsprung gap (Kolb 1998) .
ADAF Models of BH SXT s
The bolometric radiative efficiency in the ADAF models constructed here is typically D10~3 compared to D10~1 for standard thin-disk accretion. The X-ray radiative efficiency of these ADAF models is another 2 or 3 orders of magnitude lower since much of the ADAF luminosity comes out as synchrotron radiation in the optical. Note that these results are sensitive to various details of the ADAF models, and in particular to the choice of and a ADAF b. For instance, we Ðnd that, if we need g D 1/4 a ADAF \ 0.1, (i.e., a fraction D1/5 of the mass supplied by the secondary must be accreted via the ADAF) in order to obtain agreement with the observed quiescent luminosities of BH SXTs. The fraction goes down further to D1/10 if a ADAF \ 0.025.
ADAF Models of NS SXT s
The presence of a hard surface on the accreting star is the key feature of ADAF models of NS SXTs. The large amount of energy advected in the ADAF, which is lost through the event horizon in BH SXTs, will be reradiated from the NS surface (Narayan & Yi 1995b) . Narayan et al. (1997b) and Garcia et al. (1998) argued that this additional source of luminosity is the explanation for the systematically larger luminosity of quiescent NS SXTs as compared to quiescent BH SXTs (Figs. 1 and 2) . We now investigate this quantitatively.
In the following, we assume that the thermal energy stored in the ADAF is reradiated as blackbody emission with a radiative efficiency g D 0.1. The luminosity in the 0.5È10 keV band will be dominated by the emission coming from the NS surface, so that the additional emission from the ADAF can be ignored (for simplicity). We also assume that the reradiation occurs from a small fraction of the f surf NS. This is in agreement with observations of quiescent NS SXTs (see, e.g., Verbunt et al. 1994 ; Campana et al. 1998 ; but see Rutledge et al. 1999 and the discussion in°7). For now, we do not seek to justify the small emitting area of the NS. We simply assume for all our NS models that the area is 10 km2. However, our results are not seriously a †ected even if the radiating area is increased or decreased by, say, an order of magnitude (i.e., as long as most of the blackbody emission is in the 0.5È10 keV X-ray band). The typical e †ec-tive temperatures found are keV. T eff [ 0.5 The upper band in Figure 4b shows the luminosities predicted by binary-evolution models if g \ 1/2, i.e., one-third of the mass transferred by the secondary is accreted onto the NS (as in BH SXTs). We see that the luminosities predicted are much larger than those observed, by D3 orders of magnitude (except for the system EXO 0748[676 ; see°7 for a discussion of this system). Since any contribution to the mass transfer by magnetic braking would only increase the mass transfer rates expected (in short orbital period systems), the discrepancy between the observed and predicted luminosities would be even more serious if magnetic braking were e †ective.
One possibility for the discrepancy is that most of the quiescent Ñux from NS SXTs is emitted outside the 0.5È10 keV X-ray band. This explanation seems, however, rather unlikely since this emission would be seen somewhere else in the spectrum, say in hard X-rays or soft c-rays. Aql X-1 has been observed in quiescence in hard X-rays, and it is clear that the energy does not come out in the 10È100 keV band (Campana et al. 1998 ). In addition, although some theoretical models of boundary layers between an accretion Ñow and an NS predict substantial deviations from black-body emission at higher energies (see, e.g., Shapiro & Salpeter 1975 ; Turolla et al. 1994) , there are no models predicting that such a large fraction (D0.999) of the emission would come out in hard X-rays or c-rays.
We must therefore consider the possibility that only part of the mass supplied by the secondary actually reaches the surface of the NS. The lower band in Figure 4b shows that the luminosities of quiescent NS SXTs can be accounted for (except EXO 0748[676) if only D0.1% of the transferred mass reaches the NS surface. This is of course a surprisingly small fraction.8 In the following section, we argue that the propeller e †ect, if combined with accretion via an ADAF, can explain the fraction, while in°6 we consider the possibility that winds from ADAFs could further reduce the amount of mass reaching the NS surface.
PROPELLER EFFECT IN QUIESCENT NEUTRON STAR SXTs
The propeller e †ect in accreting neutron stars was initially proposed by Illarionov & Sunyaev (1975) to explain the existence of long-period X-ray pulsars, and it was later developed in more detail by Davies & Pringle (1981 ; see also Wang & Robertson 1985 ; Stella, White, & Rosner 1986) . Although the details vary, the basic mechanism of the e †ect relies on the presence of a centrifugal barrier at the rotating magnetosphere of a rapidly spinning NS.
Inside the magnetosphere, the accreting gas is forced to follow the magnetic Ðeld lines of the NS since, by deÐnition, in this region magnetic forces dominate the Ñow dynamics. The fate of the gas is then determined by the relative magnitudes of the magnetospheric radius, and the corotation R m , radius, deÐned by where is the
) | angular velocity of the NS (and the magnetosphere). If the magnetosphere rotates so fast that the cen-R co \ R m , trifugal force at is larger than the force of gravity and R m hardly any of the gas can be accreted onto the NS. This is the propeller e †ect. The efficiency of the propeller e †ect is not well understood (see Davies, Fabian, & Pringle 1979 ; Davies & Pringle 1981) . It is also not clear whether the accreting matter is ejected from the system or is merely accumulated in a boundary layer around the magnetosphere (Wang & Robertson 1985) . However, from the simple physical argument outlined above, it is clear that normal accretion onto the neutron star is inhibited during the propeller phase.
The Ðrst direct observational evidence for the existence of the propeller e †ect in accreting neutron stars was reported by Cui (1997) in two X-ray pulsars, GX 1]4 and GRO J1744[28. Cui showed that in both systems X-ray pulsations ceased during a period of low X-ray Ñux, which he interpreted as the result of a decrease in the mass accretion rate and a corresponding increase in the magnetospheric radius to beyond the corotation radius. Campana et al. (1998) and Zhang, Yu, & Zhang (1998) argued that the propeller e †ect was also seen in an NS SXT, Aql X-1, during its most recent outburst ; the system showed an abrupt decrease of the X-ray Ñux, accompanied by considerable hardening of the X-ray spectrum. Both sets of authors pro-posed that the hard spectrum originates just outside the magnetosphere, where the gas becomes very hot because of the action of the propeller (see also Cui et al. 1998) .
Observations of Aql X-1 show that even in quiescence the blackbody spectral component does not disappear entirely, implying that a small amount of material continues to accrete onto the star, contrary to simple models of the propeller (Verbunt et al. 1994 ; Stella et al. 1994) . To resolve this problem, Zhang et al. (1998) proposed that accretion in quiescent NS SXTs occurs via a quasi-spherical ADAF, rather than a thin disk. This allows some material to accrete near the poles, thereby bypassing the centrifugal barrier. In this section we develop this idea quantitatively.
Accretion Geometry in Quiescence
In the following, we assume for simplicity that the NS spin axis is perpendicular to the binary orbital plane and that the NS spin and magnetic axes are aligned.
Magnetospheric Radius
In the presence of a spherical accretion Ñow (see, e.g., Bondi 1952), the magnetospheric (or radius, is Alfve n) R m , usually deÐned as the radius at which the magnetic pressure, due to the neutron star magnetic Ðeld P mag \ B2/8n, balances the ram pressure, of the accreting P ram 4 ov r 2/2, gas, where is the radial infall velocity of the gas (see, e.g., v r Frank et al. 1992) . The contribution from the thermal pressure of the gas is generally neglected when considering Bondi-type Ñows, which are highly supersonic (free falling). An ADAF, on the other hand, is subsonic down to a few Schwarzschild radii (see, e.g., Narayan, Kato, & Honma 1997c ; Chen, Abramowicz, & Lasota 1997b ; Abramowicz et al. 1996) , and the thermal pressure term must be taken into account.
The polar structure of ADAFs was described by Narayan & Yi (1995a) in the self-similar approximation. They showed that in the limit of strong advection the (f adv D 1), gas density and temperature (and therefore the thermal pressure of the gas) are essentially independent of the polar angle h ; i.e., these quantities are nearly constant on spherical shells centered on the accreting object. On the other hand, the radial infall velocity is smaller than the thermal sound speed in the equatorial plane and decreases toward the poles. Clearly then, the thermal pressure of the accreting material is the dominant term in calculating the magnetospheric radius. Since this pressure is constant with h, the magnetosphere will be nearly spherical.
Despite the di †erence between a Bondi spherical accretion Ñow and an ADAF, the value of is roughly the same R m in the two cases. In the former, essentially all the gravitational energy released during accretion goes into bulk kinetic energy of the Ñow, while in ADAFs, the energy is stored as thermal energy of the gas. Thus, the ram pressure in Bondi Ñows must be of the same order as the thermal pressure in ADAFs. The magnetospheric radius in quiescence then takes the same form (Frank et al. 1992) :
where is the NS surface magnetic Ðeld in units of 108 G B 8 and is the NS radius in units of 106 cm. R NS,6 For the remainder of the paper, R refers to the radius in physical units and r refers to the radius in Schwarzschild units.
Accretion in the Propeller Phase
The propeller e †ect in binary systems is generally discussed in the context of thin-disk accretion. In this model, once the propeller becomes e †ective, no matter is able to reach the NS surface because the centrifugal acceleration acts equally against gravity for all the matter located in the disk orbital plane.
In a spherical Ñow, however, the centrifugal acceleration at the magnetospheric radius acting on a parcel of gas, accreting at a polar angle h from the spin axis, is equal to where is the angular speed of the A c \ ) | 2 R mq sin h, ) | magnetic Ðeld lines anchored in the NS. The direction of this force is perpendicular to the spin axis of the NS (and parallel to the orbital plane), so that the component of
For this simpliÐes to
Note that the residual force acting on all parcels of gas, even those that do not overcome the centrifugal barrier, tends to direct them toward the orbital plane. In this simple formulation, we do not consider possible complications due to Ðeld-line orientation e †ects.
Fraction of Mass Reaching the NS Surface
Only matter accreting between h \ 0 and can h \ h 0 overcome the centrifugal barrier and reach the surface of the NS. The mass accretion rate onto the star is then
where o \ o(R, h)^o(R) is the gas density and v r \ is the radial infall velocity at angle h v r (R, h)^v r (R)sin2 h (positive outward), as given by the self-similar solution of Narayan & Yi (1995a) . The factor of 2 in equation (10) is introduced to account for the two polar caps. The fraction of the total mass accretion rate in the ADAF that M 0 ADAF reaches the NS surface is then
where the last two steps have been calculated in the limit of small For a neutron star with a spin period of 2 ms, with h 0 . a magnetic Ðeld strength of 3 ] 108 G, and accreting at we Ðnd Note that
.75 ] 10~3. if the radial velocity does not vary as sin2 h but is more nearly constant with h (as in Bondi accretion), then f acc would be larger [e.g., if
is independent of h, v r (R, h) f acc P h 0 2 only]. On the other hand, if the accretion Ñow has a toroidal morphology with empty funnels along the rotation axis, would be much lower than the expression given in equaf acc tion (11), perhaps even zero. There is thus considerable uncertainty in the value of f acc .
Fraction of the NS Surface Emitting Radiation
We assume that the gas accreted during the propeller phase follows the magnetic Ðeld lines down to the NS polar caps, where its kinetic and thermal energy is converted to radiation. Dipolar Ðeld lines satisfy the parametric equation (see, e.g., Frank et al. 1992 ) :
where C is constant for a given Ðeld line. Thus, the Ðeld lines intersecting the magnetospheric radius at emerge h \ h 0 from the NS surface at a polar angle given by
The accreting material reaches the NS surface at h ¹ h S , and therefore the fraction of the neutron star surface that reradiates the accreted energy is
where we have made use of the fact that Note h S \ h 0 > 1. the direct dependence of on the NS magnetic Ðeld f surf strength B through For a neutron star with a spin R mq . period of 2 ms, with a magnetic Ðeld strength of 3 ] 108 G, and accreting at we Ðnd
Equilibrium Spin Frequency
Equations (11) and (14) demonstrate that in quiescence the mass accretion rate onto an NS and the emitting area, which determine the total luminosity and spectrum of the system, depend strongly on the NS angular rotation speed and the Ðeld strength. Although is not known for ) | ) | most NS SXTs, we discuss in this section how it can be estimated using our knowledge of the accretion history of an SXT and of the interaction between the magnetosphere of the NS and the accretion Ñow.
During the propeller phase, in quiescence, the NS ejects most of the accreting gas that reaches its magnetosphere. The ejected material leaves the system with higher speciÐc angular momentum than it had coming in, which results in an e †ective spin-down of the NS. However, NS SXTs experience outbursts during which the mass accretion rate onto the NS is orders of magnitude higher than in quiescence. High causes the magnetosphere to shrink inside the M 0 corotation radius so that all the accreting gas is able to reach the NS surface. The mass and angular momentum of the accreting gas is added to the NS, which causes it to spin up. An NS SXT that accretes for a fairly long time is expected to reach an equilibrium spin frequency such ) |,eq that the spin-up during outburst is balanced by the spindown during quiescence.
At the onset of mass transfer, the spin period of the NS in an SXT is likely to be di †erent from the equilibrium value. In standard Ghosh & Lamb (1979) Ètype models (for steady disks), the timescale on which a typical NS reaches the q eq equilibrium spin period is usually small yr) com-(Z105 pared to the lifetime of the low-mass X-ray binary (LMXB ; 108È109 yr ; see, e.g., Henrichs 1983 for a review). Although may be a little larger for transient accretion, it is reasonq eq able to assume that most of the neutron stars in SXTs have rotation rates close to It is straightforward to show ) |,eq . that is basically una †ected by a single outburst or a ) | single quiescent phase, because the time spent between two outbursts (about a few years) is much shorter than q eq . Therefore, it is not necessary to consider the small jitter in during the quiescence-outburst cycle. In the following, ) | we simply assume that once an NS SXT has reached spin equilibrium, then both during outburst and ) | \ ) |,eq quiescence.
Idealized Model for the Spin-up and Spin-down T orques
To determine the equilibrium spin frequency of an NS in a transient binary system, we need a theoretical description of the interaction between the NS and the accretion Ñow. We begin with the outburst phase during which accretion occurs via a thin disk and the torque exerted by the accreting gas on the NS is relatively well understood.
Despite some modiÐcations, current models describing the interaction between an NS and a magnetically threaded thin accretion disk remain essentially identical to the model initially proposed by Ghosh & Lamb (1979) . In this model, the spin-up torque on the NS results from two contributions. First, the gas that follows magnetic Ðeld lines and reaches the NS surface gives its angular momentum to the NS (spin-up). Second, the interaction between the magnetic Ðeld lines and the threaded thin disk beyond the magnetospheric radius results in a positive torque on the NS for radii where the Ðeld lines rotate more slowly than the local Keplerian angular speed of the gas. The lines that thread the disk farther out give a (smaller) negative torque on the NS since these Ðeld lines rotate more quickly than the local Keplerian angular speed of the gas (Ghosh & Lamb 1979) . Recent detailed numerical simulations by Daumerie (1996) show that the overall contribution resulting from the interaction of the accretion Ñow and the magnetic Ðeld lines beyond the magnetospheric radius is nearly equal to the contribution to the spin-up from the gas reaching the NS surface. Further, Daumerie Ðnds that the torque varies roughly linearly with the fastness parameter u 4 ) | /) K (R m ). Using this work as a guide, we propose the following idealized formula for the torque :
where the factor of 2 appears because of the two nearly equal contributions to the spin-up mentioned above. Equation (15) assumes that the fastness parameter at equilibrium, is exactly unity. This is consistent with the recent arguu crit , ments of Wang (1995 ; see also Wang 1987) .
The torque in the propeller regime, when is
, not as well constrained. By analogy with Ghosh & LambÈ type models, we assume that the torque arises from two nearly equal contributions. One contribution is the negative torque applied to the NS when the propeller expels gas at the magnetosphere, and the other is the negative torque9 due to the interaction of the magnetic Ðeld lines with the accretion Ñow beyond the magnetospheric radius. If the gas expelled leaves the magnetosphere with an angular momen-9 This contribution to the torque is always negative in the propeller regime because for all
tum corresponding to the angular rotation speed of the NS, viz., (which corresponds to an efficient propeller), then ) | the negative torque on the NS in the propeller phase is
where is the rate at which mass reaches the magneto-M 0 sphere. (The small positive contribution from the very small fraction of mass accreted on to the NS is neglected.) This expression is in agreement with equation (15) in the limit of Therefore, we can use the prescription given
. by equation (15) to describe the interaction between the NS and the accretion Ñow throughout the outburst-quiescence cycle.
Spin Equilibrium
We deÐne to be the integrated spin-up *J o \ J0 o *t o torque over an outburst of duration and to *t o *J q \ J0 q *t q be the integrated spin-down torque during a propeller phase of duration
The recurrence time of the SXT is *t q . We assume, for simplicity, that the two phases *t o ] *t q . can be approximated as bimodal, with the outburst phase occurring at a typical accretion rate and the quiescent M 0 o phase having a typical lower accretion rate These acc-M 0 q . retion rates deÐne, in turn, the values of the magnetospheric radius in outburst,10 and in quiescence, used in R mo , R mq , equation (15) to determine and Since the accretion J0 o J0 q . rate from the peak of the outburst is known to decrease gradually with time, the value of used to determine M 0 o R mo should be interpreted as a mean over the outburst.
By deÐnition, the NS angular rotation speed at equilibrium satisÐes Using equation (15), we
where is the ratio i.e., the total mass reachg8 M 0 q *t q /M 0 o *t o , ing the magnetosphere during the ADAF-propeller phase divided by the total mass accreted during outburst. This deÐnition of is equivalent to the deÐnition of g given in g8 equation (6) if all the mass accumulated in the disk during quiescence is accreted onto the neutron star during outburst.11 For the remainder of the paper, we assume g \ g8 . Note that the spin equilibrium period deÐned by equation (17) di †ers from the spin equilibrium period deÐned for steady accretion onto an NS and usually discussed in the literature (e.g., Henrichs 1983).
Propeller Regime at Spin Equilibrium
Equation (17) Frank et al. (1992) , we use a value for the magnetospheric radius of the thin disk that is one-half that used for spherical accretion (eq.
[7]).
11 A possible situation in which the mass accreted onto the neutron star during outburst is less than the mass accumulated in the disk during quiescence is if the depletion rate of the disk during outburst is super Eddington while the accretion rate onto the neutron star is Eddingtonlimited. Even in that case, eq. (17) remains valid because depends on
ent NS SXTs. In the following calculations, we assume for deÐniteness that the NS accretes at the Eddington rate in outburst and that the mass transfer accre-(M 0 o \ M 0 Edd ) tion rate in quiescence is (cf. Fig. 3 ). M 0 T \ 10~2.5M 0 Edd However, our conclusions do not depend crucially on these assumptions.
Figures 5 while the dashed and dotted lines show the cases B \ 109 G and B \ 1010 G, respectively. Recent observations suggest that accreting neutron stars in low-mass binaries have rather low magnetic Ðelds, typically G (see, e.g., B [ 109 White & Zhang 1997) . Figure 5 can be related to Figure 4b , where we found that was needed in order to explain the very M 0 NS /M 0 T D 10~3 low observed luminosities of quiescent NS SXTs. Such a value of is predicted by the propeller model if M 0 NS /M 0 T g D 1/5. This value of g is reasonably close to the value g D 1/2 that we obtained for BH SXTs. Note that the dependence of on the magnetic Ðeld B should M 0 NS /M 0 T cancel out through the ratios in equation (17). For R mq /R mo low magnetic Ðeld strengths, however, the inner edge of the disk in outburst is not given by one-half the value in equation (7) but is Ðxed at the last stable orbit at 3 Schwarzschild radii (for instance, if and B ¹ 109 G). Conse- Figure 6a shows that the fraction of the NS surface f surf that emits in quiescence depends much more strongly on B than does (Fig. 5) , as expected from equation (14). For f acc values of g D 1/5 and low magnetic Ðelds G), the (B [ 109 emitting surface is typically between 1 and 10 km2. Observations of quiescent NS SXTs suggest an emitting surface D1 km2 (see, e.g., Verbunt et al. 1994 ; Campana et al. 1998 ; but see°7). Given that the surface could very well be underestimated by the standard techniques (see, e.g., Lewin, van Paradijs & Taam 1993 ; Rajagopal & Romani 1996 ; Zavlin, Pavlov, & Shibanov 1996 ; Rutledge et al. 1999 ), values of D1È10 km2 appear in reasonable agreement with the observations. We note, however, that this result depends quite crucially on the assumed alignment of the NS spin and magnetic axes. This is a major uncertainty in the calculations. Figure 6b shows that is even more sensitive to the P spin value of B. 
which is in agreement with values recently discussed in the literature for accreting neutron stars in low-mass binaries (see, e.g., White & Zhang 1997) . In our simpliÐed model for the propeller, there are several sources of uncertainty, which are discussed in°°6.2 and 7 below. The proximity of the value g D 1/2 required to explain the quiescent luminosities of BH SXTs to the value g D 1/5 required to explain the luminosities of NS SXTs (with propellers) suggests, however, that roughly the same geometry of accretion (outer thin disk and inner ADAF sharing the mass supplied by the secondary roughly equally) can account for the properties of both classes of objects. The presence of a hard surface and a magnetic Ðeld associated with the spinning neutron star are two major ingredients of the model. The NS SXTs Aql X-1 (B D 108 G, ms, emitting area D1 km2 ; White & Zhang P spin D 2È3 1997 ; Zhang et al. 1998 ; Campana et al. 1998) We note that CM98 inferred a mass transfer rate in SAX J1808.4[3658 B10~11 yr~1, which is roughly a factor M _ of 10 less than the value for a 2 hr orbital period NS SXT according to our Figure 3 . These authors Ðnd that the estimate is consistent with mass transfer being driven by angular momentum losses due to gravitational radiation if the secondary star has a mass The values shown m 2 \ 0.05. in Figure 3 , however, were deduced assuming that the donor star is a main-sequence star that satisÐes m 2 \ hr) (°3). This is apparently not the case in SAX 0.11(P orb /1 J1808.4[3658, perhaps because of the fact that the companion star is strongly irradiated (CM98).
WINDS FROM ADAFs AND THE EFFICIENCY OF THE PROPELLER EFFECT
The gas in an ADAF could in principle escape to inÐnity via a wind because part of the Ñow may be unbound. Narayan & Yi (1994 , 1995a showed that the Bernoulli constant, a measure of the energy of the gas at inÐnity, is positive in their self-similar solution, and Narayan et al. (1997c) showed that this is also the case in a global solution. A simple way of taking this into account was proposed by Blandford & Begelman (1999, hereafter BB99) , who derived self-similar ADAF solutions that include mass loss via winds.
Our results in°4.1 suggest that reducing has only a a ADAF small e †ect on the radiative efficiency of the accretion Ñow. showed, however, that an efficient way of increasing the radiative efficiency of the ADAF is to include winds and simultaneously increase the value of the parameter d, the fraction of the viscously dissipated energy that directly heats the electrons. They found that models with winds and high d are consistent with the current observations for the BH SXT V404 Cyg in quiescence and the Galactic center source Sgr A*. Note that theoretical estimates of the value of d are highly uncertain. Quataert (1998) and Gruzinov (1998) argued that d could be small if the magnetic Ðelds in the ADAF are fairly subthermal, but Bisnovatyi-Kogan & Lovelace (1997 ; see also Quataert & Gruzinov 1999) argued that magnetic reconnection in the accretion Ñow could preferentially heat the electrons and lead to large values of d (D1).
In°°6.1 and 6.2, we investigate the following two questions. Can winds by themselves, i.e., without any propeller e †ect, explain the observed quiescent luminosities of NS SXTs ? If not, is a combination of winds and a propeller consistent with the observations ? 6.1. ADAF Models of NS and BH SXT s with W inds Following BB99, we assume that the accretion rate in the ADAF scales in a self-similar way, i.e.,
where is the accretion rate scaled in Eddington units m 5 0 \ p \ 1, and we assume that the wind is (m 5 \ M 0 /M 0 Edd ), e †ective over the entire radial extent of the ADAF out to the transition radius. r out \ r tr , The efficiency of mass loss is determined not only by p, but also by the radial extent of the ADAF (eq. [18]). Around a black hole, the ADAF extends from the transition radius down to the event horizon, and so the accretion (r tr ) rate onto the black hole is Around a m 5 in \ m 5 (r tr )(1/r tr )p. neutron star, however, the ADAF has a minimum radius equal to the magnetospheric radius so that the accretion r m , rate at the magnetosphere is If as
1, is the case for in quiescent NS SXTs, then for a given r mq value of p, the presence of a magnetosphere around the NS signiÐcantly reduces the total mass loss relative to the BH case. The value of itself depends on the local accretion r m rate at the magnetosphere (eq. [7] ). Since the accretion rate at a given radius decreases with increasing p, a larger p implies both a larger and a smaller radial extent for the r m ADAF.
We solve for the magnetospheric radius by combining equations (7) and (18) Menou et al. 1999) . Were r tr smaller, the overall mass loss in the wind for a given p would be smaller. Note that the ADAF cannot extend far beyond 104 Schwarzschild radii because, for a given m 5 (r tr ), there is a maximum radius out to which the ADAF can exist (see, e.g., Esin, McClintock, & Narayan 1997 ; Menou et al. 1999) .
Following , we computed two examples of ADAF models assuming that the dominant e †ect of the wind on the structure and the emission properties of the ADAF is to reduce the density in the accretion Vol. 520
Ñow ; in addition, we assumed that the emission from the wind itself can be neglected relative to the emission from the accretion Ñow. Figure 7a shows the quiescent X-ray luminosities (0.5È10 keV) of BH SXTs predicted by the ADAF]wind model for which is equal to 1/3 of the mass supplied by the m 5 (r tr ) secondary, p \ 0.4, and d \ 0.3. This model gives r tr \ 104, roughly the same X-ray luminosities as the previous no-wind ADAF model (°4.1). The actual mass accreting onto the black hole is reduced here, but nevertheless the luminosities are the same because of the increase in the value of d from 10~3 to 0.3 (see . Figure 7b shows the quiescent X-ray luminosities (0.5È10 keV) of NS SXTs predicted by the same ADAF]wind model, assuming that all the mass reaching the magnetosphere is accreted onto the NS surface (i.e., no propeller e †ect). Since the X-ray luminosity of the ADAF is still much less than the luminosity coming from the NS surface, the main e †ect of including the wind is to decrease the luminosity of quiescent NS SXTs in proportion to the reduction of at the inner edge of the ADAF (eq. [18] ). In comparing m 5 Figures 4b and 7b , it is clear that the luminosity is smaller by roughly an order of magnitude, which is insufficient to explain the observations. Thus, the intermediate-wind scenario must also invoke a propeller e †ect, though with a somewhat lower efficiency than that described in°5. Given the uncertainties in our propeller model (see°6.2), we see no objection to such a model.
Only for the strongest wind models (p D 1, does r tr \ 104) the luminosity di †erence between NS SXTs and BH SXTs predicted by the models reduce to the observed di †erence. For p \ 1 and equations (18) r tr \ 104 (B 8 \ 1, R NS,6 \ 1), and (19) predict and r mq^5 8 m 5 (r mq )/m 5 (r tr )^6 ] 10~3, which is basically consistent with the small accretion rates required to explain the observed quiescent luminosities of NS SXTs (cf. Fig. 4b ). However, is this a reasonable model ?
Can the propeller e †ect be completely ine †ective at preventing mass from reaching the NS surface ?
T he Efficiency of the Propeller E †ect
If the neutron stars in NS SXTs have spin periods of typically a few milliseconds, as suggested by recent observations (see, e.g., White & Zhang 1997 ; Zhang et al. 1998 ; Campana et al. 1998 ; Wijnands & van der Klis 1998) , their corotation radii are a few Schwarzschild radii. This is substantially smaller than the few tens of Schwarzschild radii inferred for in°6.1. The propeller e †ect is therefore r mq expected to act quite strongly in these systems (Illarionov & Sunyaev 1975) . Note that the values of quoted in°6.1, r mq which correspond to a magnetic Ðeld strength B of 108 G, would be even larger for a larger B (eq. [19] ). Can the propeller in such a system be so ine †ective that f acc D 1 ? We pointed out in°5.2 that there are large uncertainties in the values of which come mainly from the strong f acc , dependence of on the NS rotation speed and the magnef acc tospheric radius :
(the dependence on f acc P ) | 4 R mq 6 R mq also a †ects the size of the NS emitting area, since f surf P The latter source of uncertainty is perhaps more R mq 4). important, since while can be determined by direct ) | observations, must be deduced from theoretical argu-R mq ments.
Although the value of used in our work (eq.
[ 7]) is R mq standard, it is based on simple dimensional arguments. Given the strong dependence of on an error, for f acc R mq , instance, of only a factor of 1.5 in translates to an error R mq of more than an order of magnitude in Recent work by f acc . Psaltis & Chakrabarty (1998) shows that the standard scaling used for (for disk-magnetosphere interactions) R mq is not consistent with observations in at least one weakly magnetized NS SXT (SAX J1808.4[3658) . Consequently, we cannot rule out the possibility that equation (7) . 4b ). We need a modest propeller to decrease the luminosity further to the observed levels.
action. The propeller e †ect would then be signiÐcantly less efficient than our previous results suggest (°5).
If winds alone (p D 1) are to explain the reduced luminosity di †erence between BH and NS SXTs in quiescence, we need a highly inefficient propeller. For example, from the no-wind (p \ 0) model to the p \ 1 model described in°6.1, increases by a factor^5.8, which implies a D4 ] 104 r mq times more efficient propeller according to equation (11) . Since the p \ 0 model has a propeller with the f acc \ 10~3, propeller would have to be D107 times less efficient in the p \ 1 model than we would infer based on the theory described in°5. In addition, in the presence of a wind, the value of is likely only to be smaller than the expression f acc in equation (11). This is because the wind Ñows out preferentially from the polar regions of the ADAF (Narayan & Yi 1995a) , so there is no gas to Ñow down to the polar caps of the NS. Even allowing for reasonable uncertainties in the scalings in equation (7), it does not seem likely that the propeller model could be that wrong. We therefore feel that the p D 1 strong wind model is unlikely.
7. DISCUSSION Chen et al. (1998 ; their Fig. 3) argued that the segregation in luminosity swing between outburst and quiescence previously found by Narayan et al. (1997b) and Garcia et al. (1998) disappears in a large sample. We point out in this paper that the Chen et al. sample is larger only because they include numerous upper limits, many of which are based on observations with insufficient sensitivity to detect typical quiescent SXTs. Unless treated with care, for instance with a "" detection-and-bounds ÏÏÈtype method (see, e.g., Avni et al. 1980 ; Schmitt 1985) , upper limits can obscure a true correlation, and indeed this seems to be the case with the analysis of Chen et al. (1998) .
Our Figure 2 shows a carefully selected and smaller sample, and we Ðnd that there is a di †erence of luminosity between quiescent BH and NS SXTs. Furthermore, we argue, based on theoretical mass transfer rates, that it is important to compare quiescent luminosities of NS SXTs and BH SXTs of similar orbital periods. We Ðnd that quiescent BH SXTs with short orbital periods are about 2 orders of magnitude fainter (in Eddington units) than quiescent NS SXTs with comparable orbital periods. The di †erence reduces to a little more than 1 order of magnitude when absolute luminosities are considered. The sample is, however, small. Future observations with the Chandra X-Ray Observatory (CXO) and XMM will hopefully increase the sample size sufficiently to provide a more convincing case. Hopefully, they will also allow separate comparisons of long-and short-period systems. This should help solidify the arguments advanced by Narayan et al. (1997b) and Garcia et al. (1998) for event horizons in black holes.
We Ðnd that the luminosities of quiescent NS SXTs are lower than the values predicted by standard binaryevolution models when combined with ADAF models. Following Zhang et al. (1998) , we argue that the propeller e †ect o †ers a plausible explanation for the discrepancy. However, although our model for the propeller e †ect accounts for the luminosities and small emitting areas of quiescent NS SXTs, it su †ers from several sources of uncertainty that may a †ect the results signiÐcantly.
The predictions of the model strongly depend on the spin frequency of the NS and therefore on the prescription ) | chosen for the torque (eq. [15] ). The magnitude of the torque is not well known, especially in the propeller regime (see, e.g., Davies et al. 1979 ; Henrichs 1983 We have also neglected the likely misalignment between the neutron star spin axis and magnetic axis and have assumed a dipolar structure for the magnetic Ðeld. Relaxing these assumptions could also modify our results, especially our estimates of the fractions and f acc f surf . The system EXO 0748[676 appears unusually bright in our sample of quiescent NS SXTs. One possible explanation is that magnetic braking acts more efficiently in this system because of its rather short giving a larger mass transfer P orb , rate. If the mass transfer rate is higher, the propeller e †ect would also be less efficient and would increase the mass falling on the NS even further. Note that EXO 0748[676 is known to be an unusual binary system, as shown by its unexplained variations of (Hertz, Wood, & Cominsky P orb 1997) . Another possible explanation is that, for some reason (youth ?), this particular system has not yet reached equilibrium and spins at a relatively slower rate than other NS SXTs. This would result in a less efficient propeller and a more luminous system in quiescence.
This last point is a general prediction of our propeller model : the propeller e †ect is less efficient if the NS in an SXT spins slowly a few ms). It is possible that (P spin ? several such NS SXTs with slowly spinning NSs exist in our Galaxy. In these NS SXTs, most of the mass accreted via the ADAF would reach the NS in quiescence. The outbursts of these systems would therefore be of small amplitude, 2È3 orders of magnitude in X-rays rather than 5È6 orders of magnitude, because of their relatively high quiescent luminosities.
In our model, the gas which is stopped by the propeller is neglected and its fate is left unspeciÐed. This gas could a †ect both the dynamics and the emission properties of the accretion Ñow. For instance, it is unclear how the mass accreted via the ADAF will Ðnd its way out of the quasi-spherical accretion Ñow after being propelled outward.
In°6, we considered ADAF models with winds assuming that the efficiency p of the wind is the same for BH and NS SXTs . In principle, p could be di †erent for ADAFs around BHs and those around NSs (because of the presence of the magnetosphere in NSs, for instance). Having a di †erent value of p for BH and NS SXTs would not, however, a †ect our conclusion that winds alone probably cannot explain the observed quiescent luminosities of NS SXTs.
Recently, Brown, Bildsten, & Rutledge (1998) argued that nuclear reactions in the crusts of neutron stars, triggered during outbursts in NS SXTs, could efficiently heat up the NS cores in these systems. The energy deposited during an outburst would be reemitted during quiescence at a rate sufficient to explain the observed quiescent thermal emission. If so, the propeller e †ect must be even more efficient than our estimates in°5 indicate, so that accretion in quiescence does not contribute much to the quiescent emission of NS SXTs.
We note two criteria that bear on the relative importance of crustal heating and accretion to the quiescent luminosity of NS SXTs. First, in the scenario of Brown et al., the entire surface of the NS contributes to the quiescent emission. Small emitting areas have usually been inferred from the observations, by assuming that the quiescent emission is close to blackbody emission. However, Rutledge et al. (1999) have shown that much larger areas are inferred if detailed hydrogen atmosphere models are used instead of idealized blackbody models. There is a large uncertainty in these results because of the poorly known hydrogen column density to the systems. Nevertheless, the values of the emitting areas inferred by Rutledge et al. for several systems are consistent with the entire NS surface being responsible for the emission in quiescence. This success favors the crustal heating model.
On the other hand, any observed rapid variability (e.g., on timescales of a few days) should be considered as strong evidence of the importance of accretion in quiescence, because the intrinsic thermal emission from the NS is not expected to vary on such small timescales (Brown et al. 1998) . Campana et al. (1997) reported that the quiescent X-ray luminosity of the prototypical NS SXT Cen X-4 varied by a factor of D3 over a period of 4 days. This establishes that the accretion luminosity can be more than 3 times larger than any steady quiescent luminosity possibly present in this system. Though very little X-ray variability data are presently available, several studies of the optical counterpart of Cen X-4 in quiescence have shown a variability of order several tenths of a magnitude (see, e.g., Cowley et al. 1988 ; Chevalier et al. 1989 ; McClintock & Remillard 1990 ). Since it is natural to relate this optical variability to the X-ray variability observed by Campana et al. (1997) , both sets of observations appear consistent with accretion being the dominant mechanism for the quiescent luminosity of NS SXTs.
Throughout this study, we assumed that accretion is responsible for the quiescent emission of both NS and BH SXTs. The possibility that this emission could be due to two di †erent processes in NS SXTs certainly complicates the comparisons between the two classes of systems. We note, however, that even if the dominant contribution to the quiescent emission of NS SXTs is crustal heating, the reason why quiescent NS SXTs, as a class, are brighter than quiescent BH SXTs remains the presence of a hard surface in NS SXTs and of an event horizon in BH SXTs.
CONCLUSION
In this paper, we have reconsidered the luminosity di †er-ence between black hole and neutron star soft X-ray transients in quiescence, which has been used to argue for the presence of event horizons in black holes.
We show that the current observational data suggest that quiescent BH SXTs as a class are fainter than NS SXTs. This result agrees with the previous work of Narayan et al. (1997b) and Garcia et al. (1998) , but it disagrees with the conclusions of Chen et al. (1998) , who used an inappropriate sample of SXTs for their comparison.
We point out that, for a reliable comparison of the two classes of SXTs, objects with similar orbital periods P orb should be compared. Otherwise, variations of the mass transfer rate with can mask the results. M 0 T P orb We Ðnd that the observed luminosities of quiescent BH SXTs are consistent with the predictions of binaryevolution models for if roughly one-third of the mass M 0 T supplied by the secondary is accreted by the black hole via an ADAF. This estimate is for
The fraction a ADAF \ 0.3. goes down to 1/5 and 1/10 for and 0.025, a ADAF \ 0.1 respectively. The observed luminosities of quiescent NS SXTs suggest, on the other hand, that only a very small fraction of the mass transferred by the secondary reaches the neutron star surface.
We explain the small fraction in NS SXTs by invoking an efficient propeller. We have constructed a model for the propeller e †ect that accounts for the observed luminosities of quiescent NS SXTs and their small emitting areas. In addition, the model appears to be consistent with the millisecond spin periods recently inferred from observations of accreting neutron stars in transient low-mass binary systems (Aql X-1, SAX J1808.4[3658).
Winds from ADAFs constitute an alternative explanation (BB99) for the very small fraction of mass reaching the neutron star surface in quiescence. We argue that an ADAF model with strong winds and no propeller cannot explain the observed luminosities. However, an ADAF model with a wind of low or intermediate strength and a somewhat less efficient propeller (but still within the range of uncertainties of our propeller model) is consistent with the observed quiescent luminosities of BH and NS SXTs. In this case, the parameter d, which measures the fraction of the viscous energy that goes directly into the electrons, has to be large, D0.3 .
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